Coding regions of the rbcL and matK genes of cpDNA were sequenced to analyze phylogenetic relationships of the family Liliaceae sensu stricto, including the major 16 genera of Medeoloideae and Lilioideae of the Liliaceae, in reference to several genera such as Scoliopus, Uvularia, Disporum, and Trillium used as outgoups. The results were congruent with the taxonomic concept of Liliaceae sensu stricto recently proposed by Tamura (1998). The inter-and infrageneric relationships in the genus Lilium and allied taxa were then analyzed based upon the rbcL and matK gene sequencing data, using Medeola and Erythronium as outgroups. The rbcL gene has evolved more slowly than matK and its phylogenetic resolution has been poor as a result of the low base substitution rates; whereas the matK gene has shown a much higher base substitution: 104 variable sites (including 80 informative sites) out of 1641 base pairs were detected. In addition, a remarkably high number of indels, i.e. 19 insertion/deletion events, were detected in the matK gene, which provided us with new evidence for structural changes of this gene within the genus Lilium and allied taxa. Phylogenetic analyses based on the majority rule of the sequence data of matK gene revealed that the genus Lilium consists of three different major clades, including taxa that were placed into different sections by earlier taxonomic treatments, and thus the results of molecular systematic analysis was not congruent with sectional delimitations of the genus Lilium based on the morphological characters. Nomocharis pardanthina and Nomocharis saluenensis were ingroup taxa of Lilium. Notholirion, Cardiocrinum, and Fritillaria turned out to be sister groups to Lilium. An evaluation of the morphological and life-history characteristics was also attempted in light of the molecular phylogeny.
Introduction
The concept of the family Liliaceae has been a subject of considerable dispute in the history of the Monocots taxonomy (Krause 1930; Hutchinson 1959; Dahlgren et al. 1985; Takhtajan 1987) . In recent years, a number of new concepts have been proposed on the delimitation of the Liliaceae sensu stricto based on the re-evaluation of morphological traits and various other criteria (Takhtajan 1997; Tamura 1998) . Takhtajan (1987) included the following eight genera in the Liliaceae sensu stricto: Erythronium and Tulipa (subfamily Tulipeae); Cardiocrinum, Lilium, Notholirion, Nomocharis, Fritillaria and Rhinopetalum (subfamily Lilieae). However, he regarded Medeola as a monotypic genus of the Medeolaceae, and he included Clintonia tentatively in the separate family Convallariaceae. His newly proposed system for the family Liliaceae sensu stricto (Takhtajan 1997) follows the same concept he proposed in 1987. Tamura (1998) , however, recognized two subfamilies in the Liliaceae sensu stricto, Medeoloideae (Clintonia and Medeola) and Lilioideae (Erythronium, Tulipa, Gagea and Lloydia (tribe Tulipeae); Cardiocrinum, Lilium, Fritillaria, Nomocharis and Notholirion (tribe Lilieae)). Thus there are still differing taxonomic viewpoints concerning the members of the family Liliaceae, and of the families within the Liliales.
The genus Lilium, the type genus of the Liliaceae sensu stricto, consists of approximately 100 species that are widespread primarily in the northern hemisphere with a pronounced centering of distribution around southwestern and Himalayan Asia-China (Krause 1930; Comber 1949; Woodcock & Stearn 1950; Dahlgren et al. 1985) . The long-standing popularity of the Lilium as ornamental plants is because of their large, showy flowers that often have a strong fragrance. Because of this horticultural interest, breeding studies with an incalculable number of resulting hybrids have been conducted. Among the so-called 'true lilies', four generaCardiocrinum, Nomocharis, Notholirion and Lilium -have been included (Buxbaum 1937; Woodcock & Stearn 1950) . A phylogenetic tree of the genus Lilium has been proposed based on the results of cytogenetic and interspecific hybridization studies (Lighty 1960 (Lighty , 1968 Asano 1986; Noda 1987 ).
However, inter-and/or infrageneric classifications of the genus Lilium and allied groups have been an issue of considerable dispute and taxonomic systems have repeatedly changed (see Table 1 ). Wilson (1925) recognized four subgenera, Notholirion, Cardiocrinum, Eulirion and Lophophorum, and within Eulirion four sections were distinguished. However, in Comber's revision (1949) only two subgenera (Cardiocrinum and Eulirion), and seven sections within Eulirion, were recognized. The most recent classification scheme, that of Liang (1980) distinguishes Lilium, Cardiocrinum, Nomocharis and Notholirion as independent genera and recognizes eight sections in Lilium (Table 1) . Sealy (1983) and Liang (1984) monographed the genus Nomocharis, in which Sealy (l. c.) transferred five Nomocharis species into the genus Lilium. This suggests that Nomocharis and some members of Lilium are similar enough to cause taxonomic confusion between these two genera.
The purpose of the present study is two-fold. First, the study aims to re-evaluate the systematic status of the family Liliaceae sensu stricto in light of the molecular sequencing data of rbcL (a large subunit of ribulose-1,5-bisphosphate-carboxylase) and matK (matulase) genes of cpDNA for 16 genera, including the major members of Medeoloideae and Lilioideae of the Liliaceae, in reference to several other outgroup genera referred to Liliaceae (Krause 1930) . Second, the study aims to analyze the affinities and phylogenetic relationships of taxa that have been referred to Lilium and several allied genera by analyzing their rbcL and matK gene sequences, because inter-or infrageneric delimitation of Lilium sensu lato has been a controversial taxonomic issue. In the course of summarizing all evidence available, an attempt was also made to re-evaluate the diagnostic value of morphological characters and life-history traits of Lilium for establishing their systematic positions (Comber 1949) and trends of evolutionary divergence of infrageneric taxa by overlaying these characters on the molecular tree constructed in this study.
Methods

Plant samples
Thirty-five Lilium species belonging to seven sections, one Cardiocrinum species, two Nomocharis species belonging to two sections, one Notholirion species and one Fritillaria species were sampled and analyzed for rbcL and matK genes. Several other genera analyzed for the rbcL and matK gene were also included in order to obtain a general picture of the topology of Liliiflorae (sensu Dahlgren et al. 1985) . Erythronium japonicum and Medeola virginiana were used as outgroup taxa, as they have been placed in neighboring positions in the Liliales (Takhtajan 1997; Tamura 1998) . Several additional genera analyzed for the rbcL and matK gene were also included in order to obtain a general picture of the topology of Liliiflorae (sensu Dahlgren et al. 1985) . Voucher specimens of the plants analyzed are deposited in the Herbarium of Kyoto University (KYO). The rbcL and matK sequencing data of all the species and outgroup used in this study are registered in the DNA Data Bank of Japan (DDBJ) ( Table 2) .
DNA extraction
Total genomic DNA was extracted from silica-gel-dried leaves using the CTAB method of Doyle & Doyle (1987) , except that liquid nitrogen was used to assist in the grinding of plant tissue. In many cases, the same DNA as those used in recent cpDNA restriction site analyses (Shinwari et al. 1994; Kato et al. 1995) were used to generate matK sequences.
Polymerase chain reaction for the rbcL gene
The PCR employed to amplify the 1411 bp of the rbcL gene used two primers that anneal to the 5¢ end, rbcLN¢: 5¢-ATGTCACCACAAACAGAAACT-3¢, and just downstream of the 3¢ end of the rbcL coding region, DBRBAS2: 5¢-GCTTGAATTCGAATTTGATC-3¢. To obtain the sequence of the 5¢ end of rbcL gene, PCR was conducted using an additional primer that anneals to the atpb (atpb 2325¢-CCGTCCGTAGCATCATAGC-3¢), upstream from the rbcL gene (Table 3 ). The amplification reaction mixture (100 mL) contained 50-100 ng of total DNA, 40 pmol of each primer, 0.2 mmol/L of dNTP, 50 mmol/L KCl, 10 mmol/L Tris HCl pH 8.8, 1.5 mmol/L MgCl 2 , 0.1% Triton X-100 (McPherson et al. 1991 (McPherson et al. , 1995 and 2.0 units of Taq DNA polymerase (Wako Chemicals, Tokyo, Japan). Amplification was conducted in a DNA Thermal Cycler (Cetus Model; Perkin Elmer, Cetus, CA, USA) for 35 cycles. Each cycle consisted of a denaturing step of 1 min at 94°C, an annealing step of 2 min at 54°C and an extension step of 3 min at 72°C. After the last cycle, a final extension step (10 min, 72°C) was added. The amplified DNA was subjected to electrophoresis through 1% agarose gel and excised from the gel. The DNA was purified by glass-milk extraction (Gene Clean II, Bio101; Vista, CA, USA) and re-suspended in 20 mL of TE (10 mmol/L Tris-HCl pH 8.0, 1 mmol/L EDTA). The final yield averaged about 4 mg of DNA, enough for eight sequencing reactions.
Polymerase chain reaction of matK gene
The matK gene was amplified using the Taq polymerase (Toyobo, Tokyo, Japan) and universal primers, trnK-3914FM and trnK-2R of Johnson & Soltis (1995) . PCR sequence primers used in the present study are shown in Table 3 (Johnson & Soltis 1995; Ooi et al. 1995; Yoshida, unpublished data) .
For the PCR amplification, each reaction mixture (100 mL) contained 54 mL of sterile water, 10 mL of 10 ¥ Taq polymerase reaction buffer (Toyobo), 10 mL of 25 mmol/L MgCl 2 , 16 mL of 1.25 mmol/L dNTP (Toyobo), 4 mL of each of the two primers (40 pmol), 0.4 mL (2 units) of Taq polymerase (Toyobo), and 2 mL of genomic DNA template (50-100 ng). Amplification was done in a DNA Thermal Cycler (Perkin Elmer) for 35 cycles. Each PCR cycle proceeded in the following manner: (i) 1 min at 94°C to denature the double-stranded template DNA; (ii) 2 min at 50°C to anneal primers to single-stranded DNA; and (iii) 3 min at 72°C to extend primers. The first cycle was preceded by an initial denaturation step of 2 min at 94°C; a final extension at 72°C for 7 min followed completion of the 35 cycles. Each set of reactions was monitored by the inclusion of a negative (no template) control.
To remove unused amplifying primers and dNTP, the PCR product was electrophoresed in a 1% agarose gel (using 1 ¥ TAE as the gel buffer) stained with ethidium bromide and then excised under low-wave-length ultraviolet light with a scalpel.
Following cycle sequencing, the reactions were purified using the 'Ethanol Precipitation Protocol 1' (manufac- The location and base composition of each of the primers used in this study are given in Table 3 . Following cycle sequencing, the reactions were purified using the 'Ethanol Precipitation Protocol 1' (Perkin Elmer) to remove unincorporated dye terminators and then completely dried in a vacuum. The reaction pellets were resuspended in 6 mL of loading buffer (five parts deionized foramide to one part 25 mmol/L EDTA-blue dextrine mixture) and analyzed in an ABI Prism TM 377 DNA Sequencer using 50% Long Ranger gel solution (Applied Biosystems) run in 1 ¥ TBE buffer. For sequencing the rbcL gene, the purified double-stranded PCR product was used as a template for direct sequencing with an autosequencer (ABI 373 A) and Taq Dye Deoxy terminator cycle sequencing kit (Applied Biosystems) according to the manufacturer's instructions. Table 3 PCR sequence primers used in the present study. Location of the 5¢ end base of the primer is indicated with regard to the site number of the Nicotiana tabacum trn K and matL gene (Sugita et al. 1985 
Data analysis of rbcL and matK genes
The matK sequences were visually aligned with Seq Ed version 1.0.3 (Applied Biosystems); the few insertion/ deletion events (indels) did not hinder alignment. Each indel was treated as a missing character or scored conservatively as a single evolutionary event in separate analyses. Phylogenetic analyses using the maximum parsimony method were performed with PAUP version 3.1.1 (Swofford 1993) . The most parsimonious trees were obtained using the heuristic search option involving 100 replications of random addition sequence and treebisection-reconnection (TBR) branch-swapping. All characters were specified as unweighted. To obtain confidence limits for various clades, bootstrap analysis (Felsenstein 1995) was conducted. Bootstrap values with 1000 replications were calculated using the heuristic search option (with TBR branch-swapping and simple addition sequence algorithms). 
Results
Phylogeny of Liliaceae sensu stricto as revealed by rbcL gene sequencing data
Phylogeny of Liliaceae sensu stricto as revealed by matK gene sequencing data
The results of phylogenetic analysis using the matK gene for 14 selected genera, including Erythronium, Gagea, Amana, Tulipa, Cardiocrinum, Notholirion, Fritillaria, Lilium, Nomocharis, Medeola, Clintonia and Scoliopus, using Disporum , Uvularia and Trillium as outgroups, clearly revealed the phylogenetic positions of genera referred to Liliaceae sensu stricto and their infra-familial positions. The matK tree (50% majority rule consensus tree) obtained is shown in Fig. 2 . The tree obtained for matK was very similar to the rbcL tree ( Fig. 2 ) which showed two major clades, one consisting of five genera -Notholirion, Cardiocrinum, Fritillaria, Lilium and Nomocharis -and a second consisting of four genera -Erythronium, Tulipa, Amana and Gagea. Medeola and Clintonia are a distantly related sister group.
Sequence variation and divergence rates in rbcL gene
The 18 Lilium species and one species each of the following four genera, Nomocharis, Notholirion, Fritillaria and Cardiocrinum, and also including Erythronium and Medeola were sequenced for rbcL gene (Table 2) . Topology obtained by the MP method for the rbcL gene tree (50% majority rule consensus tree) is illustrated in Fig. 3 . The results of phylogenetic analysis showed that Lilium, Cardiocrinum, Nomocharis, Notholirion and Fritillaria constituted a single large clade with a high bootstrap value of 92%, which at least indicates a close relationship of these genera that have been referred to the Liliaceae (sensu Krause 1930; Takhtajan 1997) (Fig. 3) . However, the phylogenetic resolution of these genera and species analyzed was exceedingly poor as a result of low base-substitution rates in rbcL. The rbcL gene should therefore be considered to be highly conserved, at least within this group of Liliales. Fig. 4 ).
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Sequence variation and divergence rates in matK gene
In the present study, sequencing of the matK (1641 bp) gene was conducted for the 39 Lilium species and two subspecies, two Nomocharis, two Fritillaria, one Notholirion and one Cardiocrinum species with Medeola virginiana and Erythronium japonicum used as outgroups.
The matK gene tree (50% majority rule consensus) obtained is shown in Fig. 4 . The genus Lilium is now divided into seven (Comber 1949) or 10 sections (Liang 1980 ) (only for Chinese taxa) (cf. Table 1 ). Thus in this study at least one or more taxa of each section, taxa of closely related genera -Nomocharis, Cardiocrinum, Notholirion and Fritillaria -were selected and their matK gene sequences analyzed. The number of base substitutions ranged from one to 35 among the Lilium and Nomocharis taxa examined (Table 4) . Of 42 taxa, including 40 Lilium and two Nomocharis, three distinct clades were distinguished (Fig. 4) : (i) including 16 Lilium and two Nomocharis species, with a bootstrap value of 100%; (ii) including 18 Lilium taxa (including two subspecies), with a bootstrap value of 100%; and (iii) including six species, with a bootstrap value of 100%. Fritillaria (100% bootstrap values) was a sister to all Lilium and Nomocharis taxa examined. Furthermore, Cardiocrinum turned out to be a sister group to Lilium, Nomocharis and Fritillaria with a very high bootstrap value of 100%. Notholirion is a sister group to the former four genera, with a bootstrap value of 100%.
The first clade can be divided further into three subclades and six isolated species (Fig. 4) fargesii and L. mackliniae) were independent lineages. All these species are distributed from the Japanese Islands to Burma, southwestern China and the Himalayan regions (Sino-Japanese element, Kitamura et al. 1957) , except for L. philadelphicum (including var. andenum) which occurs in western to eastern North America (Fernald 1950; Feldmaier & McRae 1982) .
The second clade constitutes a large single clade with a bootstrap value of 100%, with more or less four distinct subclades as follows. (i) The first subclade consists of a pair of species (L. callosum and L. concolor) with a bootstrap value of 100% (a typical Manchuria-Korean element; Kitamura et al. 1957) ; (ii) the second subclade consists of three Mediterranean species (L. candidum, L. pyrenaicum and L. pomponium) with a bootstrap value of 100%; (iii) the third subclade consists of a pair of species (L. medeoloides and L. martagon) with a bootstrap value of 100%. All the remaining eight taxa (L. maculatum ssp.
bulbiferum and L. cernuum) were parallel, forming no branches. These species are a typical cool-temperate 14  18  18  3  10  10  3  18  21  20  19  20  14  13  15  18  17  19  20  16  17  8  14  18 Lilium rubellum  16  20  20  11  12  12  13  18  23  22  21  20  16  15  17  20  19  21  22  18  19  10  16  19 Lilium speciosum  14  18  18  3  10  10  3  18  21  20  19  20  14  13  15  18  17  19  20  16  17  8 (Fig. 4) . All the species in this clade occur in North America; three species, L. canadense, L. michiganense and L. superbum, are eastern species, while L. pardalinum, L. washingtonianum and L. columbianum are typical west coast species in their distribution (Feldmaier & McRae 1982) .
Insertion-deletion events in the matK gene of Lilium and allied genera
No indels have been found in the rbcL gene of all higher plants so far examined, but in the case of the matK gene 
Medeola virginiana TTAAAT------AGT T------G A------T C------A A------G T------C GAATAGTTTTATT------------------CAGAATAATAAAACTATTT Erythronium japonicum
A 
indels have been recorded from various higher plant taxa (Johnson & Soltis 1995) . In reference to the sequences of the matK gene of tobacco (Nicotiana tabacum) (Sugita et al. 1985) , indels were examined in Lilium and allied genera and also in taxa used as outgroups. In this study 19 indels (insertion/deletion events) ( 
Amino acid topology obtained by the MP method of matK gene, and its evaluation
In Fig. 5 , the amino acid topology (50% majority rule consensus tree) based on translation of the matK gene base sequence data is presented. Basically, three major Lilium clades in the tree based on amino acid data were corresponding to those obtained by the base sequence data (Fig. 4) . However, Fritillaria was an ingroup taxon of Lilium. Closely related genera, such as Cardiocrinum, Notholirion and Nomocharis, occupy almost the same phylogenetic positions in the amino acid tree as in the base sequence tree (Fig. 4) . The numbers of synonymous and non-synonymous base substitutions and codon usage in the taxa examined in the present analyses are important, but as the numbers of base substitutions at the first and second codons were not so high, striking differences were not visible in the amino acid tree for Lilium and related taxa, in sharp contrast to what we have recently obtained in the Trilliaceae .
Discussion
Phylogenetic position of Liliaceae sensu stricto
In the present study, molecular systematic analyses were first conducted on the Liliaceae sensu stricto, focusing on the following points.
First, the intergeneric phylogenetic relationships were analyzed for all genera included in the Liliaceae sensu stricto (sensu Takhtajan 1997), except for Lloydia, and Rhinopetalum which is confined to central Asia, using two molecular markers: rbcL and matK gene of cpDNA. The topologies obtained for the rbcL and matK genes of cpDNA obtained in this study were more or less identical (Figs 1 and 2 ), and were congruent with the taxonomic concept of Liliaceae sensu stricto recently proposed by Tamura (1998) , i.e. Liliaceae sensu stricto is composed of three major subgroups, the first subgroup consisting of Erythronium, Amana, Tulipa and Gagea, the second consisting of Lilium, Nomocharis, Fritillaria, Cardiocrinum and Notholirion and the third somewhat distantly related to the former two, Medeola and Clintonia (Figs 1 and 2) . Indeed, Medeola and Clintonia are referred to a subfamily in the Liliaceae (Tamura 1998) or separate families within the Liliales (Takhtajan 1987 (Takhtajan , 1997 .
Second, the infrageneric relationships within Lilium and closely related genera, such as Nomocharis, Cardiocrinum, Notholirion and Fritillaria (Comber 1949; Liang 1980) were critically examined based on the phylogenetic The amino acid topology obtained in the present study simply supported the phylogenetic relationships obtained by the matK and rbcL base sequence data (Fig. 5) . The level of resolution was slightly lower than the analyses by matK gene base sequence data but was higher than those by the rbcL gene. As the genus Lilium comprises approximately 100 species and also because Nomocharis turned out to be very closely related and may be an ingroup taxon, more detailed phylogenetic analyses are needed based both on base sequence data and on translated amino acid compositions (Miyata 1998; .
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floral types, timing of blooming, pigmentation, floral odors, and the kinds of pollinating agents -their body size, proboscis type and size, and their flower-visiting behaviors (Barth 1940; Grant & Grant 1968; Proctor & Yeo 1973) .
Numerous recent findings on the intricate flowerpollinator networks suggest that differentiation of floral structures and functions in plants are tightly concerted with those of pollinators (primarily of insects) (Thien et al. 1998; Gottsberger 1999; Knudsen 1999; Raguso & Pichersky 1999; Williams & Whitten 1999) . The possibility is high, therefore, that Lilium flowers have differentiated convergently in relation to pollinator specificity as a consequence of adaptive radiation (Wilson 1925; Comber 1949) .
Conclusions
The results of molecular systematic analyses on the Liliaceae, including Lilium, Nomocharis, Notholirion, Cardiocrinum and Fritillaria, using Medeola virginiana and Erythronium japonicum as outgroups have provided new evidence concerning the systematic positions of these genera and also infrageneric delimitations within Lilium. First, it has long been believed that Fritillaria was only remotely related to Lilium among the four other genera of the Liliaceae, but the present result clearly showed that Fritillaria no doubt represents the closest relative to Lilium, whereas Notholirion and Cardiocrinum are sister groups to Fritillaria and Lilium, and most distantly related to Lilium.
It should also be noted here that Cardiocrinum has often been regarded as a member of the genus Lilium (Comber 1949; Ohwi 1956 ) but this does not hold true and there is no doubt that Cardiocrinum represents an independent group, perhaps representing one of the most primitive members of the Liliaceae.
In Nomocharis, two sections (five species in section Ecristata and three species in section Nomocharis) have been recognized (Sealy 1983; Liang 1984) . In the present study we analyzed two species, each representing these two sections, but our results indicate that these two species belong to the ingroup taxa of Lilium. All previous infrageneric delimitations of Lilium by Comber (1949) and Liang (1980) (for others, see Table 1 ) were controversial and insupportable, suggesting the need for major revision. As far as the results of the molecular (Figs 1-5 ), morphological and life-history character analyses (Figs 6 and 7) are concerned, a further thorough study seems to be necessary of the infrageneric (especially sectional) delimitation of the genus Lilium.
For this paper, we studied only 49 taxa of Lilium and allied groups out of ca. 400 taxa in a narrowly defined Liliaceae, but important evidence and results concerning the phylogenetic relationships and systematic positions of Lilium and allied taxa have been revealed. Additional studies are now needed to cover the remaining groups and to elucidate the entire picture of the evolutionaryphylogenetic story of the Liliaceae sensu stricto.
